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FlflW  PROPEimES  or  SLOTTO)  WAU£  pon  TOAXSONIC  ■raST  SECTIONS 

Surm  R,  Bftmil*  «ikI  Uana  Siiriinnfin 
Hie  Aeronautical  Research  institute  of  Sweden  (FTA) 
S-I6I  II  Hnemia  11,  Sweileii 


SU1MARY 

A thuorcticnl  and  exporlmciital  study  Is  in  pruf^russ  uf  Ihu  Plow  slottod  walls 

under  a variety  oP  conditions.  The  ultimate  objective  is  to  make  possible  accurate  nu- 
merical coniputntioii  oP  transonic  Plows  around  models  in  slottod  test  sections.  Tills 
paper  is  concerned  with  a slot  flow  conficuration  typical  of  two-dlmonsional , low  lift 
tests  at  liicti  subsonic  Preu  stream  Mach  numbers.  With  the  test  section  eispty  the  slot 
Plow  is  outwards.  Into  the  plenum  ciianitier,  and  this  remains  true  over  a lar/ie  part  oP 
the  tost  section  when  the  model  is  introduciid.  From  oil  Plow  pictures  and  pressure  mea- 
surements in  anl  arounl  the  slots  it  is  concluded  for  the  configurations  invostlf^itoil 
that  the  slot  Plow  is  slightly  influenced  by  the  presenco  oP  the  wall  boundary  layor, 
tliat  the  Plow  within  the  slot  is  attached  and  approximately  invlscid  although  influenced 
by  boundary  layer  formation,  that  the  Plow  enters  the  plenum  chamber  as  a thin  free  Jet 
and  tliat  the  transverse  velocity  in  the  Jet  and  slot  is  too  large  for  a linear  prossure 
drop  equation  to  be  sufficiently  accurate.  When  the  slot  flow  turns  back  over  tho  rear 
end  of  the  model  it  may  admit  stagnant  air  from  the  plenusi  cliamber  into  the  test  soc- 
tlon;  the  ability  of  the  slot  to  maintain  a prossure  dlPferonce  across  the  wall  is 
then  necessarily  reduced.  Based  on  these  observations  a tontative  flow  model  is  pro- 
posed, yielding  a relationship  between  tho  prossure  diPferoiico  across  tho  wall  arwl  the 
transverse  velocity  througti  the  slots.  It  agrees  well  with  the  moasuromonts  as  fur  as 
they  go.  The  corresponding  homogeneous  wail  boundary  condition  is  of  the  classical  iiv- 
viscid  type  with  an  added  quadratic  cross-velocity  term  in  the  manner  of  V.W.  Wood.  La- 
proved  expressions  for  the  coefficient  of  the  streamline  curvature  term  are  obtained, 
accounting  for  the  depth  of  the  slot  and  the  presence  of  a Jet.  The  new  bouirdary  condi- 
tion has  been  demonstrated  to  be  compatible  with  computing  nusmirloally  the  transonic 
flow  field  arouixl  a model  in  the  tost  section. 

1.  THE  BACKGROUND 

Recent  development  in  numerical  metliods  for  transonic  flow  fields  has  made  it  feasible  to  cosi- 
pute  tho  wall  interference  in  transonic  toot  sections  with  higli  accuracy.  This  new  potential  for 
designing  better  test  sections  and  for  improving  interference  correction  procedures  has  not  been 
used  much  so  far,  due  to  tho  fact  that  we  do  not  know  the  structure  and  properties  of  tho  wall  flow 
well  enough  to  define  accurate  wall  boundary  conditions  for  tho  test  section  flow  field.  It  is 
fair  to  say  that  not  much  progress  has  been  made  in  this  respect  since  about  i960,  when  the  first 
dovelupsicnt  period  of  transonic  tost  sections  came  to  an  end  (Refs.  I,  2 and  3). 

Two  Inclmiquos  for  alleviating  tho  wall  interference  in  transonic  wind  tuiuiols  have  cenmoniy  bean 
in  use  silica  thoni  (l)  ventilation  througli  'slanted'  perforations  and  (il)  ventilation  through 
longitudinal  slots.  In  distinctly  supersonic  flow  only  the  perforations  are  efficient,  wtiils  at 
sonic  and  high  subsonic  free  stream  Hach  numbers  the  slots  seem  superior,  so  the  two  tecluiittues  stay 
largely  be  considered  complementary.  At  very  low  supersonic  Mach  numbers,  however,  none  of  them 
does  a satisfactory  Job.  In  addition,  there  are  many  indications  that  in  extreme  conditions,  such 
as  pri'vnil  wilh  large  models  at  higli  angles  of  attack,  ventilated  walls  produce  Interference  effects 
wliich  ciuuiot  be  satisfactorily  ellmiiuitad  by  wall  corrections  based  on  conventional  ideas  about  the 
wall  flow.  In  view  of  the  need  for  high  Reynolds  number  testing  at  transonic  speeds,  a rather  cost- 
ly need  to  satisfy,  there  are  great  potential  savings  in  developing  transonic  test  sections  to  admit 
larger  isodols  than  at  present. 

Much  effort  (Refs.  4,  5 mad  6,  as  well  as  papers  at  this  symposium)  is  now  going  into  devising 
test  section  walls  which  caul  be  adjusted  for  sero  wall  interference  as  definod  on  tho  basis  of  iiu- 
SH'rical  flow  field  cnn|xitatlons.  Such  walls  must  permit  accurate  control  of  tho  streamline  slope  or 
the  pressui-e  (or  a combiiintion  of  them)  in  the  neighbourhood  of  tho  wall.  In  accordaince  with  require- 
ments defined  in  a complicated  way  by  tho  free  stream  Mach  number  and  by  the  siso,  sliape  and  att..tude 
of  the  model  - these  requiresients  including  preferably  the  ability  to  absorb  shock  waves.  This  calls 
for  walls  of  continuously  controllable  flow  properties,  such  as  flexible  solid  walls,  ventilated 
walls  of  variable  slot  width  or  hole  else,  or  porous  walls  with  controllable,  distributed  suction 
(see  also  Ref.  7).  The  results  so  fau-  are  clearly  encouraging,  althougli  much  work  no  doubt  remains 
to  be  dono  before  practical  solutions  ore  reachod. 

Ill  the  amantime,  in  order  to  stake  progress  towards  improved  transonic  test  sections,  it  is  necer- 
sary  to  acquire  a better  understanding  of  the  flow  at  test  section  walls  of  different  types  oivl  under 
different  working  conditions.  As  for  slotted  walls,  which  are  the  subject  of  the  present  investiga- 
tion, our  understanding  of  the  flow  is  far  from  complete,  me  has  becasee  incremeingly  obvious  in  re- 
cent yeare. 

2.  THE  PROBUMS 

Tlio  classical  method  of  analysing  the  flam  in  a slotted  test  section  is  to  postulate  small,  in- 
viscid  perturbations  of  s hesrageneous  free  stream  and  to  require  as  boundary  causlitlons  at  the  wall 
(1)  tint  the  pressure  perturbation  vanishes  at  the  boundary  between  the  slot  and  the  plerami  chnsbar 
and  (il)  that  the  nonaal  velocity  vanishas  ot  solid  parts.  Asmsslng  a largo  nuaber  of  slots  and 
applying  tlie  sloialer  body  approx iaiat ion  locally  at  the  wall,  tlioeo  mixed  boundary  coialitlons  ore 
Uum  iimiaily  uluuiged,  by  cross-flow  averaging  as  it  were,  into  an  equivalent  hotoogenauus  beuialory 
condition,  «4Uoh  produess  at  the  centra  of  the  test  section  approximately  the  aaaw  solution  as -the 
originol  set  (Rsfa.  8-1 1),  With  tho  x-«xis  in  the  flow  dirsotion,  ths  simplified  boieiihiry  ooniitioh 
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for  the  perturbation  velocity  potential 
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<p  is  of  the  form 
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wfioro  K Is  n positive  constant  ilotormlnod  by  the  geometry  of  the  slots,  while  4/8n  denotes  dif- 
rcrniit  lotion  along  the  outward  iioimnl  of  tho  tost  section  boundary.  Taking  the  influence  of  the 
depth  of  the  slots  into  account,  the  value  of  K for  tho  geosietry  of  Fig.  1 can  be  obtained  anorox- 
imalely  (Refs,  8,  10  and  12)  from  Eq.  (2)i  ^ 

PLENUM 


Fi#Te  I,  Slot  geonietry 

(sect ion  nonnal.  to  flow  direction). 


TIio  )io«no/;enooij9  boundary  condition  is  esstontially  a bala/ice  erjuation  in  the  meaji  between  the  pres- 
siu-e  difference  across  tho  wall  (proportional  to  -d<p/3x  in  a linear  approximation)  .-uxl  the  contrl- 
fugai  force  duo  to  stre.-uiilino  curvature  in  aivl  noar  the  slot  (proportional  lo  ^ ^ 

ill  effecl  a measure  of  the  loiigi tiHiiiial  momentum  flux  within  tho  region  of  the  slot  flow! 


AUhmigii  It  is  Isiliovisl  (Refs,  1 .uxl  2)  that  Dio  wall  liiterforonco  prislirlivl  hy  (l),  using  values 
fioiii  (2)  for  K , is  of  the  ceireot  iiia<^iitiido  wlien  tho  slots  aro  not  too  niiirow,  the  ox|M.i  inMiiital 
evideiico,  liirgoly  from  suhsoiiic  flows,  is  not  roally  conclusive.  HiU  Is  liecauso  it  lute  heeii  csimon 
prnelice  to  design  triuisoiilc  tost  sections  and  imsiols  empirically  so  as  to  ollmliiato  bloclow'c  inter- 
ference at  sonic  speed  (where,  until  recently,  tho  interference  could  not  lie  ctxnputod),  loa<itng  to 
sucli  small  models  as  to  make  the  subsonic  Interference  (which  could  be  computed)  too  mall  to  bo  mea- 
sured accurately.  As  already  mentioned,  however,  at  extreme  conditions  of  model  sixo  and  lift  do- 
viations  are  believed  to  occurs  * 


It  should  be  stressed  that  any  largo  errors  inherent  in  ( I ) are  likoly  not  to  arise  from  the 
averaging  (as  long  as  the  number  of  slots  is  reasonably  large),  since,  in  fact,  the  slondor  body 
approximation,  when  applied  locally  as  in  tho  present  case,  1s  known  to  bo  particularly  accurate  at 
transonic  speeds  (alttiough  not  sufficiently  accurate,  very  likely,  to  accotmt  for  shock  waves  reach- 
ing Dio  wall).  For  similar  reasons  the  accuracy  of  (l),  in  spite  of  its  linear  form,  is  fully  con- 
HisliMit  with  its  use  as  a hmuKlary  condition  with  the  noii-litieor  partial  dlfforonllal  oqiiatioii  of 
triuisoiiic  small  perturlintlnii  thooiy  (al  thougli  this  was  perliaps  not  altoguUier  clear  in  tlio  original 
deriv.itloiis) . TJiis  loaves  us  to  view  with  c.iutleii  tlio  remaining  assisiiptloiis  of  liivisclil  flow,  mnall 
IMirtuiixtllims  and  ctnistaiil  prcssiu-o  (implying  i|iilescont  air)  in  Dio  plonum  ciiamljer. 

Hullo  oniTy  It  wiis  mi/u;usted  (Rof.  9)  tiuit  Die  hunuguneous  huuridnry  coislitlon  shoiUd  bo  iiuisnunted 
by  a Dilnl  tomi  - luiulogoiis  to  tlio  term  expressing  Dio  linoarixod  viscous  pressure  drop  across  a 
porous  wail  - so  us  to  accoiuit  for  viscous  offects  in  tlio  slotsi 
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Tho  constant  'porosity'  P was  assumed  to  be  determined  by  the  wall  geometry  and  the  free-stroam 
Mach  numlier  (while.  In  contrast  to  K,  there  is  no  method  available  for  computing  It  a priori)  It 
is  far  from  obvious,  however,  ttiat  if  viscous  offects  in  the  slots  were  important  they  would  give 
rise  to  a linear  cross-flow  term  In  the  boundary  condition:  one  would  rathor  oxpoct  a quailratlc  one 

of  course.  Ill  Rof.  2 oxporlmcnlal  evidence  is  quoted  which  shows  a clearly  linear  dc|M!i«lciicu  (in  ' 
addition  to  a weaker  quadratic  one);  the  set-up  Is  such,  however,  an  to  make  it  imprnlialile  Dial  vis- 
cous offucts  are  Imporluiit  at  all  uislor  tho  circumstances  tostoii.  TlUs  matter  should  obviously  be 
loukisl  into.  It  is  also  notowortliy  that  altliough  many  attempts  liave  ovidently  been  maclo  to  corro- 
late  ( J)  witli  dovlatloiis  from  (l),  none  lias  Im'oii  reported  successful.  It  sc.ais,  therefore.  Dial  the 
Ide.is  motivutlivi  tile  lliionr  porosity  tons  in  Dio  bouiKiary  comlition  aro  proUibly  nut  loiieriillv  valid 
(uUliuugti  theru  mlglit  of  course  still  be  a pressure  drop  across  the  wall,  due  to  vlsc^s  cross  flow 
wliicli  is  not  Iiccouiiled  for  in  (t)).  ’ 


II  is  usHOiillnl  for  Dio  validity  of  formula  (2)  tliat  tho  flow  leuvliig  Uiu  slot  Is  attachodi 
if  It  seimrnttis  at  tlie  slot  mlgos  to  form  a froo  Jot  inside  tlio  slot  (Fig.  2),  thou  Dm  tumi  I/a 
sliuuld  IK*  al.s-iit,  oiKt  tho  slot  wtsiUl  lx>  oKpticlixt  to  bo  much  less  efficient  in  maintaining  a pressuro 
dlfftToiico  botwooti  Die  tost  soctloii  oihI  Dio  ploiiisn  cliamber.  It  seems  that  many  people  liuve  taken  It 
for  grniilad  tlint  tho  flow  Is  sopuratod  ami.  In  coiisequencs,  have  left  out  the  term  |/a  oven  whan 
It  wisild  domlimto  Dio  first  one,  wero  tlio  flow  iiltachod.  Tlio  fact  that  In  ouch  clrcisnstoncos  tlis 
slots  uppoar  to  lie  saich  moro  oifoettvo  than  oxpocted  from  tho  computed  value  for  K with  I s O 
(Refs.  t'J,  14  and  IJ),  Is  a strong  Indication  Dint  the  slot  flow  is  In  fact  attached.  Tho  mattor 
should  of  course  be  settled  by  direct  observstloii. 


If  the  slot  flow,  whathsr  separated  or  not,  pene- 
trates into  the  plenum  chombor  as  a Jet,  as  Indicated 
In  Fig.  2,  then  this  is  bound  to  set  up  a 
flow  In  the  Obviously  what  Is  Im- 

poi-tiuit,  as  for  as  tho  flow  In  the  test  soctloii  Is 
cotweriNvl,  Is  wlwthor  tills  socondnry  flow  can  chango 
Uhi  pressure  around  tlw*  oaiei-gliig  Jot. 


Tliu  asstaspllon  of  aaiall  parturbatlons  (unilor- 
lyliig  Um  llnour  boundary  conditions)  mlglit  easily 
bm  vlolatod  Inaldo  tha  slots  whsn  thay  arm  narrow. 


rilta  2*  Ooos  Xhu  flow  into  tho  plonum  chaiobor 
form  a free  Jot  inside  the  slot  os  In 
(a),  or  gat,  as  In  (b)7 
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since  the  cross-riow  velocity  in  tliesi  is  then  bouisl  to  b4>  very  much  liir/:rir  tliiui  in  tlio  tost  snetion. 
This  rnct  was  realised  at  an  early  atofre  (Pcf.  9)  a«l  its  effect  on  the  wall  pressure  was  subsequent- 
ly analysed  by  W.W,  Wood  (Ref.  16),  lie  found  tt\at  it  cai\  easily  bo  accountisl  for  by  Inclislliq;  In 
the  Domoulli  equation  the  ouiidratlr  cross-vel  o«^l  tv  term  wlien  satlsfyln/'  the  condition  of  continuous 
pressure  at  the  boundary  between  the  slot  flow  aisl  the  plenum  air  (in  doiii<;  so  ho  ussianed  the  flow 
to  bo  scfiaratod).  Tills  results  in  a further  term  in  the  boundary  condition  (l),  a term  proportional 
to  the  square  of  the  cross-flow  velocity,  Genorally  speakiiq;,  there  is  nothine  now  or  difficult  in 
handling,  trlthln  the  slender  body  approximation,  situations  where  locally  the  cross-flow  velocity 
is  so  large  as  to  aiake  its  square  comparable  to  the  lormltudinal  perturbation  velocity,  As  we  shall 
see,  the  Inclusion  of  a quadratic  cross-flow  term  In  (l)  comes  quite  naturally  and  Is  not  aaich  of  a 
complication  in  the  transonic  case,  whore  we  have  to  solve  a nonlinear  problem  in  any  event.  Whether 
the  quadratic  term  Is  important  or  not  dopends  of  course  on  the  experimental  clrcissstances.  As  it 
turns  out  the  term  Is  likely  to  bo  important  In  many  practical  cases,  although  It  has  in  the  past 
been  rather  unusual  to  Include  it  tdien  computing  wall  corrections. 

None  of  the  approaches  to  slot  flow  so  far  mentioned  account  for  the  presence  of  wal  1 houndiir-v 
laxsu.  The  total  cross-sectional  area  of  the  boundary  layers  In  the  test  section  ofton  is  as  large 
as  the  cross-sectional  area  of  the  siodel  or  even  larger.  It  is  possible,  therefore,  tliat  the  fluid 
going  Into  tho  slots  Is  to  a considerable  oxtont  low  momentum  air  from  the  boundary  layur  rather 
tlian  free  stream  air.  If  tills  Is  so,  then  tho  slot  flow  Is  bound  to  bo  less  offlcient  than  other- 
wise in  sialntaining  a pressure  difference  botween  tho  tost  section  and  the  plenimi  clussber.  It  is 
one  of  the  xiain  purposes  of  the  present  Investigation  to  dotonsine  the  influence  of  the  wall  bound- 
ary layers  on  tho  slot  flow. 

Those  considerations  apply  a fortiori  to  a region  where  tho  slot  flow  passes  Into  the  test  sec- 
tion from  tho  plenum  chamber  with  its  more  or  loss  atamant  aif.  In  the  cxtreaie  case  of  vanishing 
longitudinal  flux  In  tho  slot  region  there  will  bo  negligible  pressure  difference  and  tho  wall  will 
appear  to  the  teat  section  flow  as  a free-Jet  boundary  at  the  plenum  pressure.  Inflow  of  stagnant 
air  is  likely  to  occur  as  soon  there  is  a model  in  the  test  section  unless  the  walls  liave  boon  ad- 
justed to  generate  a sufficiently  high  outflow  througli  tlio  slots  from  tho  empty  test  section.  The 
risk  of  extended  regions  of  Inflow  of  stagnant  air  is  of  course  particularly  great  with  largo  models 
at  high  lift,  and  this  is  pertiaps  the  explanation  of  why  conventional  wall  corrections  have  been 
fouiKl  unsatisfactory  in  this  kind  of  situation.  It  is  remarkable  that  the  idea  of  treating  a region 
of  inflow  as  a free  Jot  boundary,  although  suggested  early  on  (Refs.  1 and  8),  does  not  seem  to  have 
been  exploited  in  any  schesie  for  computing  the  wail  interference  in  transonic  test  sections. 

In  addition  to  influencing  the  slot  flow,  tho  wall  boundary  layer  between  slots  may  contribute 
directly  to  the  wall  interference  by  changing  its  diaplaccmont  thickness  in  response  to  tho  pressure 
variation  sot  up  by  the  model  (Ref,  17).  Except  where  a shock  wave  reaches  tho  wall,  this  effect  is 
likely  to  be  small.  Nevertheless,  it  might  be  of  some  importance  when  tho  cross-flow  component  of 
the  perturbation  velocity  far  from  tho  model  is  much  smaller  than  the  longlUsUnal  component  (i.s. 
tdion  tho  slots  are  required  to  be  narrow),  as  is  the  case  with  slendor,  aoiall-aspact-ratio  models. 

Altogether,  tho  flow  properties  of  slotted  walls  might  well  be  rather  complicated,  very  likoly 
more  complicated  than  consistent  with  the  simplifying  assisnptlons  usually  mode  in  computing  the 
wall  interference.  Part  of  tho  complication  is  tho  great  number  of  parameters  Involved,  part  de- 
rives from  our  not  knowing  wliat  basic  phenomena  are  Important  under  what  circisnstancos.  However, 
to  a Inrgs  extent  tho  basic  ideas  required  for  describing  those  phenomena  aro  available  anl  have  in 
fuel  lioiiii  available  for  a long  time,  Wliat  is  still  lacking,  ossontiolly,  in  order  to  be  able  to 
iiiti-fp^ito  these  ideas  into  a coherent  description,  is  experimental  evidence  on  a rnsall  lussber  of  key 
IsMii'M.  It  is  tho  ubjoctive  of  tho  prosont  rasoarch  to  acquire  such  evldonca  by  investigating  In 
some  detail  a few  typical  cases  of  slot  flow,  tuid  to  establish,  based  on  that  evidence,  a flow  modtl 
capable  of  yielding  an  improved  wall  boundary  condition  for  the  test  section  flow.  A firet  caae  ie 
considered  here,  leading  to  the  tentative  dsfinltlon  of  a flow  model. 

3.  EXPERDONTAL  ARRANQEMEOT8 
3.1  Slot  flow  pnrnmeters 

In  order  to  know  Oiat  constitutes  a 'typical*  slot  flow  we  must  define  non-dimensional  parmseters 
Oilch  doscribo  relevant  local  features  of  slot  flows  and  tliun  relats  thoso  to  global  pnrametors  of 
typical  test  soctiona  and  aiodcls.  In  this  way  wo  mi(dit  bo  able  to  devise  a ssull  nuabur  of  expuri- 
ments  to  simulate,  locally,  slot  flows  typical  of  a variety  of  applications. 

Tlic  most  important  feature  to  bo  considorod  is  whothor  tho  flow  from  the  test  section  fills  out 
tile  slot  or  not,  anti  this  la  of  course  intlisately  connected  with  the  geoswitrlcal  shape  of  the  slot. 
Restricting  ourselves  to  Uie  geometry  of  Fig.  1,  we  shall  assume  that  by  rounding  the  edges  of  the 
entrance  we  can  inhibit  any  tendency  to  edge  separation,  thus  making  tha  radius  of  curvature  of  the 
edges  an  additional  parameter  to  be  controlled,  "nils  kind  of  geosietry,  with  the  slot  shape  the  smw 
everywhere  along  tha  teat  section,  la  ccsssanly  need  in  practice, 

from  the  discussion  of  Section  2 it  would  seem  that  among  additional  features  of  slot  flow  to  be 
®®*'*^*^**'***^  (^)  vi»cou#  eTrsetfl  in  tho  slots^  (it)  tlie  <|uadratio  oro8s«>flow  proaouro  drop,  (ill) 

the  wall  boundary  layer  going  Into  the  slots,  (ivj  the  penetration  of  low  momentimi  air  from  tho  ple- 
num ohsmber  into  the  test  section  and,  perhaps,  (v)  the  flow  structure  in  the  plemas  cliaaber  itself. 
Pommetors  describing  these  features  have  been  doflnod  and  analysed  as  a basis  for  selecting  the  con- 
figurations to  be  liwastlgatad.  However,  sinco  the  results  used  in  the  pmaont  paper  pertain  to  one 
particular  tost  configuration,  aixi  since  spaco  is  siiort,  we  aiiali  not  roproduco  this  omlysis  here. 

Tile  cenfiguratton  with  idilch  we  shall  bo  oonenmed  is  one  typical  of  two.«llmonalonai  teats.  The 
slot  width  ie  somoidiat  Mlier  tlian  the  thicknuss  of  tho  wall  boundary  layer  wlilio  lorgo  enuugli  to 
avoid  strung  viscous  affeots  in  tho  slots.  Tlio  depth  of  the  slots  is  largo  oiusjgli  fur  tlio  sooond 
term  in  E<|.  (2)  to  bo  someMuit  larger  tiuui  the  first  tons.  Tlio  mdius  of  curvature  of  tlio  slot  edges 
is  as  lowil  ae  «ma  consldersd  practiuablo.  Tlio  thicknoss  of  tho  model  ( two-diaonsionnl  wing,  euro 
lift)  is  someidiat  Mailer  than  the  thickness  of  the  Mil  boundary  layers.  The  resulting  crose-flow 
velocity  In  the  slots  Is  oapootod  to  bo  large  enough  for  ite  siiuars  to  be  Isvortant.  The  fres-stroMi 
"MBher,  ■ 0.903,  is  as  large  ae  possible  without  shook  waves  reaohii^  the  elottad  walla.  The 
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«All«  of  the  teat  section  are  parallel,  so  that  with  the  test  section  ea^ty  there  is  a flow  out 
throc^Sh  the  slots  In  consequence  of  boundary  layer  build-up  alon^  the  walls* 

3.2  »quiBswnt 

Ihe  tests  were  nade  in  the  23  X 23  cai^  transonic  blo%f-down  wind  tunnel  (S3)  of  the  fFA*  Ihe 
sketch  in  Fl^*  3 shows  the  test  section  used  in  the  present  tests,  including  the  nodel  and  slot  ar- 
ran^sMnt*  The  central  slot  of  the  bottosi  wall  %as  selected  to  be  the  'test  slot*  and  was  accordin^^ 
ly  equipped  with  a rsMhfir  of  pressure  taps. 


Pl^.  3.  Experl  uni  tal  configuration*  (lengths  in  mt) 


In  addition  to  conventional  pressure  probes  a special  one  has  been  designed  for  investigating  the 
flow  Tram  the  test  slot  into  the  plemsi  chasd>er«  ft  consists  of  a thin  circular  cylinder  placed 
close  to  the  wall  and  perpendicular  to  the  plane  of  sywetry  of  the  slot  (see  Pig*  4)*  It  has  two 
pressure  taps  in  a plane  perpendicular  to  the  axis  and  with  an  angle  of  9^^  between  then*  By  turning 
the  probe  until  the  two  pressures  are  equal  the  flow  dlrecticsi  is  obtained;  then  turning  the  fn'obe 
45®  glvea  the  stagnation  pressure  in  one  of  the  taps*  The  probe  can  also  be  noved  across  the  slot 
and  along  the  slot,  and  all  these  Manoeuvres  can  be  ccmtrolled  i^ron  outside  the  tunnel  while  it  is 
running*  The  probe  has  been  calibrated  against  cotiventlonal  probes  and  found  to  be  sufficiently 
accurate* 


Pig*  4*  Novsbie  coabined  total-pressure  and  flow-direction  probe*  (lengths  in  h) 
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mm\ 


Test  section 


WMMt 


Plsniai 


(c)  (Jn  test  section  trail  close  to  slot 


Slot  ed^ 


(s)  In  plane  of 

ujMiitry  of  slot 


ri#.  5.  Oil  flow  pictures  of  slot  flow. 


Its  .tra  .iito  the  interior,  ^vin^  sta^;nant  air  fron  the  plenua  chasiber  the  opportunity  to  enter  the 
slot  'in»i  hence  the  test  section.  There  is  consequently  an  intemediate  re^on  of  nixed  flow  in  the 
slot  coneiatin^  of  both  hi^  nonentui  air,  renoved  earlier  fron  the  test  section,  and  low  nonentun 
air  fron  the  plenun  chimb  nr.  The  re^nteiin^  air,  at  least  the  hi^  sKmentim  part  of  it,  aeeaie  per- 
h«q>a  to  fom  a Jet  of  a sinilar  kind  to  that  in  the  plenun  chanber. 

further  illunination  is  fUmiahed  by  the  oil  flow  picture  (c),  showing  the  flow  over  the  test  sec- 
tion wall  adjacent  to  the  slot.  Vhere  the  flow  goes  into  the  slot  not  saich  is  to  be  seen.  On  the 
other  hand,  where  stagnant  air  arrives  fron  the  plemm  chaad>er  it  Is  seen  to  spread  laterally  over 
the  test  section  wall  in  a way  suggesting  that  the  Jet  fron  the  slot  - if  Indeed  it  is  a Jet  — is 
deflected  by  the  high  ncmentun  air  farther  out  In  the  boundary  layer. 

Other  oil  flow  pictures  have  been  taken  on  the  interior  walls  of  the  slots.  As  long  as  the  flow 
goes  fron  the  test  section  into  the  pleiam  chanber  it  appears  to  be  attached.  If  there  is  any  flow 
eepnration  at  the  entrance  edge  of  the  slot  it  nust  be  restricted  to  a very  short  bubble,  lha  plc-> 
turea  leave  little  doubt  that  the  flow  is  for  all  practical  purposes  attached* 


A prelini  nary  survey  of  the  total  pressure  of  the  flow  at  the  centre  of  the  slot  shown  that 

the  air  entering  it  fron  the  teat  section  has  nearly  the  full  total  pressure.  However,  idien  the 
wall  boundary  layer  was  thickened  artificially  (fron  11  to  23  mi),  then  there  was  a noticeable  reduc- 
tion of  total  pressure,  indicating  that  the  present  ratio  of  slot  size  to  boundary  layer  thickness 
is  Just  about  snail  enou^  for  the  wall  boundary  layers  to  begin  to  nake  their  presence  felt.  - 
Farther  downstrean,  where  air  fron  the  plenun  chanber  enters  the  slot,  the  total  pressure  was  very 
nuch  lower,  as  one  would  expect. 

k,2  Measnrminnte  in  the  plenun  chanber 

Using  the  novable  conbined  total -pres  sure  and  flo%F-direction  probe,  as  well  as  conventional  total 
pressure  probes,  the  Jet  eoierging  frm  the  test  slot  into  the  plenun  chasA>er  has  been  Investigated 
in  sosie  detail.  ITie  interpretation  of  the  data  in  tenna  of  velocities  depends  upon  the  value  of  the 
static  pressure  in  the  Jet,  and  in  view  of  the  strong  secondary  flow  in  the  plenun  chasiber  it  was  not 
considered  safe  to  take  this  pressure  equal  to  the  noaiinal  pieman  pressure  fixm  the  tunnel  calibra- 
tion. Indeed,  the  pressure  on  the  slat  in  the  plenun  chamber  (Plg.  6)  ia  considerably  lower  close 
to  the  Jet  than  at  the  centre.  Therefore  the  static  pressure 
in  the  Jet  was  taken  to  be  the  pressure,  pp  , measured  on  the 
slat  1.5  mi  from  the  slot  edge. 


As  pointed  out  earlier  the  action  of  a slot  is  Intiaiately 
connected  with  its  longitudinal  nonentun  flux.  Part  of  this 
flux  ia  located  at  the  Jet  exiti  according  to  theory  (see 
Appendix)  the  *effectlve*  depth  of  this  co-cu:ting  part  of 
the  Jet  Is  about  20  ^ of  the  slot  %d.dth.  For  this  reason 
it  %«as  thought  proper  to  make  the  measurements  of  the  trans- 
verse velocity  component  at  the  corresponding  distance 
(0.8  mi)  from  the  wall.  Therefore,  since  the  sK>vable  probe 
cannot  be  operated  as  close  as  that,  the  data  obtained  with 
this  probe  have  been  translated  obliquely  in  the  x-direc- 
tion  according  to  the  measured  flow  inclination  down  to  the 
attesqited  level. 

The  transverse  velocity  component  v thus  detemined 
at  the  centre  of  the  Jet  is  shown  in  Fig.  7*  Ssiooth  curves 
have  been  drawn  in  to  be  used  in  the  subsequent  evaluation 
of  the  slot  flow.  It  is  noteworthy  that  the  influence  of 
the  model  (located  between  x w O and  x ■ 90  am)  Is  felt 
rather  far  upatream  and  that  it  does  not  add  very  much  to 
the  outflow  already  present  in  the  es^ty  test  section.  The 
velocity  level  ia  clearly  high  enough  in  both  cases  for  the 
quMlratic  tens  in  the  pressure  equation  to  be  significant. 

At  ths  raar  of  the  nodel  Vp  aqiproaches  aero,  making  the 
flow  direction  miasnrimnnt  useless  as  a detenainatlon  of 
ths  flow  direction  inside  the  slot.  Oil  flow  pictures  in- 
dicate that  in  tha  present  case  (which  is  soamwhat  dlffer- 
ant  fron  tha  case  ahown  in  Fig.  5)  there  is  no,  or  only 
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Pig.  8.  Hie  total  prossuro  at  the  centre  of 
the  Jet  and  alot  (nodel  praaent). 


very  slight,  back-flow  of  air  from  the  pieman  chamber  into  the  slot.  The  dotted  part  of  the  curve 
has  been  drawn  accordingly,  as  a very  crude  guess. 

The  distribution  of  transverse  velocity  across  the  slot  exit  was  found  to  be  practically  the 
same  everywhere  as  long  as  the  flow  goes  into  the  plenum  chamber.  No  'inviscid  core'  is  visible, 
nor  is  there  any  indication  of  flow  separation  in  the  slot.  With  very  little  scatter  the  'effect- 
ive' width  of  the  slot  (transverse  aiass  flux  divided  by  the  mass  flux  density  at  the  centre)  comes 
out  as  a'  a 3.4  nan  (or  possibly  3.}  nan  with  the  model  present),  i.e,  I5  ft  smaller  than  the  geo- 
metrical value  a a 4.0  nan. 


ITie  total  pressure  variation  along  the  Jet  with  the  model  present  is  shown  in  Pig.  8.  It  is 
seen  that  the  air  going  into  the  slot  (at  the  centre)  is  el'foctively  froo-stromn  air  and  tliat  it 
looses  very  little  energy  on  its  way  through  the  slot.  In  the  Jet,  on  the  other  hatid,  the  loss  is 
considerable  and  this  is  also  true,  of  course,  towards  the  rear  where  the  transverse  velocity  in 
the  slot  is  rsduced.  When  there  is  no  model  present  the  level  of  the  total  pressures  (not  shoam) 
is  somewhat  reduced,  while  the  losses  towards  the  rear  are  absent.  Altogether,  this  confirms  that 
the  slot  flow  under  consideration  is  one  aaith  fairly  small  effects  of  inflow  from  the  wall  boundary 
layer  and  of  viscous  stress  in  the  slot,  and  also  that  a reduction  of  the  cross  flow  in  the  slot 
(as  in  three-dlswnslonal  tests)  would  soon  suke  both  these  effects  important. 


4.3  A tentative  flow  siodol 

In  order  to  arrive  at  a quantitative  descrip- 
tion of  the  slot  flow  - and  in  particular  to  foits- 
ulate  a satisfactory  wall  boundary  condition  for 
the  teat  section  flow  - we  must  establisli  a flow 
muili'l  wliich  is  simple  onou/d>  to  be  amenable  to 
witiuwtntical  uiiulyals,  yet  cimipicto  ciiougli  to 
iiH^lmle  ail  the  oasontinl  features  of  our  observa- 
tions. A tontutive  empirical  siodol  to  this  end 
is  indicated  in  Pig.  9.  The  flow  pattern  is  as 
Buggested  by  our  observations.  In  partlcailar, 
there  is  ossusiod  to  be  no  separation  Inside  the 
slot. 

;.  TIB  PRESSURE  DIPfERBNCE  ACROSS  HIE  WALL 

Hie  proposed  flow  amdel  implies  a specific 
relatiunslilp  botwnen  the  pressure  difference 
across  the  wall  aisl  the  transverse  velocity 
tlirnugli  the  slots,  a relationship  wliicti  con  lie 
checkiKl  ly^inst  mnasunemiiits,  iiisl,  if  verified, 
gives  tlie  basis  for  11  liimioguiioous  wnll  bouistury 
cmslltlun  of  the  classical  type.  The  relatlon- 
sliip  is  easily  derived  by  integrating  approxi- 
sntiily  the  mcowntum  equation  along  ths  path 
spocirisd  in  Pig.  10,  loading  from  a point  in  the  Jet 
(or  ineida  ths  slot)  where  the  pressure  first  rsachss 
Uia  plenum  presiurs  pp  , to  ths  point  on  ths  wall  whsre 

ths  pressure  p„ . Clearly  (ds  a elesisnt  along 





ASSUMPTIONS' 


(!) 

(!i) 


(!!!) 

(!v) 

(v) 


Inviscid  flow  in  control  port  of  slot. 
Total  prossuro  on  toch  control  stroom- 
lino  ontoring  from  tost  soction  known 
0 priori. 

Prossuro  in  jot  omorging  from  slot 
known  o priori. 

Effoctivs  slot  width  o*  known  o priori. 
Longitudinal  momontum  of  air  from 
tho  plonum  chombor  nogligiblo. 


Pig.  9.  Tentative  flow  model. 
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lioru  (u,v,w)  ia  the  perturbation  velocity  relative  to  an  average  central  longitudinal  velocity  U 
lit  I ho  slot  region  as  specified  in  our  model.  Neglecting  quadratic  terms,  except  in  the  slot 

.ukI  the  Jet,  and  taking  Q to  a cqnstant  mean  density  in  the  slot  region,  we  liave  approximately 


V ^-/  8- 


[ ^ “y  - [ ^ d*  - [ ^ dy  . 

J D D J D 


TIujs  our  problem  ia  reduced  to  estimating  C . This  is  a reasonable  task  in  view  of  the  fact 
that  we  can  expect  v/vp  to  bo  positive  on  and  w/Vp  to  be  negative  on  (while  the  contri- 

bution from  the  third  integral  must  be  small)  so  that  fairly  crude  estimates  Tor  v/vp  and  w/vp 
might  be  sufficient*  In  fact,  the  main  contribution  is  expected  to  come  from  # where  v/Vp  can- 
not be  much  different  from  unity.  Iherefore  one  should  not  be  very  much  wrong  in  taking  for  u the 
value  obtained  from  the  slender  body  approximation.  ITiis  value,  from  the  analysis  summ^ii’i zed  in 
the  A|i|H}|idLX,  is  %rith  good  approximation 


view  of  the  fact 


. Ti  a 
2 d 


♦ 0.46  + t/a 


giving  11.1  fimwitha«4iiin  and  10.6  tnm  with  a s a'  s 3.^  nwn. 

Tlie  pressure  difference  according  to  (4)  has  been  computed  using  the  smaller  value  for  C and 
taking:  Vp  and  its  derivative  rroat  the  curve  of  Fig.  7>  Values  for  Q n/sJ  U were  obtained  from 
the  values  for  at  the  slot  exit  (see  Fig.  H)  at  pressure  , assiiniitig  constant  stiignation 

tt!tti|H*i'aturu.  Tlie  result  is  stiown  in  Fig.  11  (the  stuulow  innicatiii/'  the  iincerlit i rily ) and  com- 

IMirtMl  with  measured  pressure  differences.  Ttiu  good  u/TT'isMiient  might  he*  furtui  i-ntis  but  is  never* 
ilioiess  very  encouraging.  It  seems  that  one  can  conclude  tliuL  the  c|uiidrutic  crossflow  tami  in  (4) 
is  essoiitlul,  that  the  assumption  of  attached  flow  in  the  slot  is  a goorJ  one,  tutd  that  there  is  no 
offecl  ikresent  iliat  calls  for  a viscous  crossflow  term  of  type  includml  in  &{.  (3). 
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'Hie  extension  of  the  analysis  to  cases  without  a Jet  into  the  plenum  chnmber  is  strai^itforwardc 
Vhoti  tlio  flow  is  ruversoilf  It  rotni.s  a Jet  into  the  tent  Hectioii  {UkJ  i'll  Is  thu  slot  with  hif^  RKsnoii- 
turn  air  to  a depth  ^5  < i*  Tlieti  v s Vp  at  both  erwls  of  path  which  now  starts  at  y ■ 

aiwl  ends  at  y s - 0.22  a (3  tlie  'orfective*  depth  of  the  co-uctin^  part  of  the  Jot),  Ttiorefore,  in 

this  case,  the  quadratic  crossflow  term  is  rancollod  while  the  ostimnto  for  C becomos  0,44  ♦ . 

When  the  low  mocnentLin  air  penetrates  into  the  test  section  tho  model  implies  that  no  pressure  dlf* 
feronce  can  be  maintained  and  wo  have  simply  p^  3 pp  , Fimilly,  if  tho  flow  reverts  to  (^olnc  out- 
wards we  have  a^ain  Eq,  (4),  altliough  as  lori^  as  hign  momentum  air  fills  the  slot  only  to  depth 
< i the  value  for  C comes  out  sll^tly  different,  as  shown  in  the  Appendix,  It  remains  of 
course  to  verify  these  predictions  experimentally:  this  is  presently  under  investigation, 

6,  THE  MODU  UD  HOMOGENEOUS  BOUNDARY  CONDITION 

In  order  to  collect  the  various  pressure  difference  formulao  into  a homogeneous  wall  l>ounilary 

condition  we  introduce  the  average  crossflow  velocity  v (over  ^/2  < s < d/2  in  Fig,  tO)  nonaal 

to  the  wall  and  outside  the  wall  boundary  layer,  L«et  the  contribution  to  v from  varyiJVT  mass  flux 
in  the  wall  boundary  layer  be  v^  (s  -U^  d^n/dx  if  tho  offoct  con  bo  doscribod  in  tenns  of  is  die- 
placesient  thickness  6^),  Ihen  the  mass  balance  in  the  slender  body  approx isiat ion  gives  for  the 
transverse  slot  velocity,  as  long  as  there  is  high  momentisa  air  in  the  slot, 

V .t  J V - V- 

_£.y_8 1 (7) 

U.  U,  a*  u,  • ' ' 

where  U la  the  same  average  longitudinal  velocity  in  the  slot  as  before*  Ve  extend  the  function 
Vp(x)  to  all  values  of  x by  prescribing  U e and  v,  , O whenever  they  are  not  otherwise  de- 

fined. Similarly  we  generalize  the  penetration  depth  t,  as  a function  of  x to  be  I * 0.22  a' 
tdieiiever  the  slot  is  completely  filled  while  elsewhere 

X ^ 

^1  * 0.22  a'j  ^ + I *o  ^8e  closest  upstreasi  swtlon  coaq>lstaly  filled.  (8) 

o J 


Furthensore  let  P corresponding  average  wall  press'^,,  ils  shown  In  the  Appendix  g 1, 
obtained  frost  the  central  wall  pressure  p„  tr  subtracting  0.22  a'  frost  C in  Bq.  (U).  Hence,  in 
terms  of  K(~C-d/.')  i . 


a 2-fiy-^  ( 

K iL  , S_ 

/u  d 

QJU,  dx  \ 

, u.  U-  y 9. 

»• 

u.  / 

K - d (1  in 

/n  a ♦ 0-02  + 

V“-) 

if  > 0 

\ 

2 d 

/ 

K ■ d (0.22 

+ l^a* ) If  > 0 

while 

V < 0 1 
P 

'HtlN  is  Uui  proposod  homoguitoous  bouitdary  condition,  connoctlng  p with  v.  Formally  It  Is  siisllar 
to  the  classical  litvlscid  one,  Eq.  (l),  with  ait  aikiod  quadratic  cross-velocity  term  In  the  tttniiiter  of 
H.H.  Wood  (Ref.  16). 

In  reality  It  Is  of  course  much  more  complicated  since  (l)  it  is  nott-Unoar  throughout,  (ii)  it  is 
algebraically  very  complex,  (ill)  it  contains  additlortal  quantities  to  be  dotemined  ostpirlcally  or 
by  furUtor  analysis  and  (iv)  it  can  produce  Jump  discotitlituitios  in  p(x)  frost  cottllttuous  v(x). 
However,  since  the  non-iiitearl ty  of  the  transonic  flow  equations  forces  us  to  use  a ntjsnrlcal  mothod 
of  Hoitti  Ion,  (l)  itikl  (li)  iiiity  itol  itdd  mucli  difflcully.  Seme  of  tite  quaittitios  implied  lit  (ill)  have 
Im'i'II  domoiiMlintetl  ill  SuclloiiH  4 and  5 to  bo  svuia/toable.  As  for  computlac  v,  , if  Istporlaat  enough 
to  lio  iiiciudutl,  one  could  possibly  do  with  the  method  of  Ref.  17,  based  on  the  crude  tsodel  of  a con- 
stiuit  velocity  boundary  layor.  This  approacli  was  recently  cxteixlod  by  P.  Liifi^n  (Ref.  IH),  as  part 
of  tlio  proseiit  roseurch,  to  Include  classical  slot  flow  (zoro  slot  depth).  Otherwise  seme  turbulent 
boiuidary  layer  computer  program  luts  to  lie  used.  The  tmoinaly  (iv),  uHseiitlally  duo  to  Uto  iiuii-unl- 
fonii  validity  of  tho  sleizlor  body  approximation  for  soiall  wavolangths  In  the  flow  dirocllon,  le  not 
llkoly  to  give  errors  outside  a small  regloii  close  to  tho  discontinuity  as  lan<;  as  the  flow  la  sub- 
sonic. In  supersonic  regions  errors  may  propagate  along  characteristics,  but  since  tho  flow  equa- 
tions have  the  proiierty  of  diffusing  expajislon  waves  and  steepening  compresalon  waves  Into  sliock 
waves,  parliaps  ttiu  errors  may  still  remain  local. 

In  view  of  Its  unconventional  and  campllcatod  form  It  was  thought  advisable  to  verify  tlial  the 
moiUflad  boundary  condition  can  be  Incorporated  Into  existing  numerical  amtliods  for  tnuisoiiic  flow 
fields  without  causing  instability  or  slow  convorgenca.  For  this  purpose  the  iterative  mellind  of 
Ref.  19  vas  chosen  because  of  its  normally  very  rapid  convergence  and  bocausa  of  its  convenient  way 
of  handling  boundary  conditions  at  the  outer  boundary.  A nusibar  of  cases  of  axisyimietrlc  flow  have 
teen  invsstlgated  with  different  slot  geoaietrlea,  free  stream  Match  nixstera  and  stodels,  but  with 
V,  ■ 0 throughout.  No  difficulties  were  found  except  with  vary  smell  slot  width,,  smaller  than 
numsilly  used,  for  which  the  convergence  bocaaie  slow.  This  ie  not  aurprlelng,  however,  since  the 
ceaiputatianml  awthod  in  the  fens  employed  here  Is  known  to  fail  when  the  outer  boundary  is  a solid 
wall. 
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7.  concludim;  remarks 

ITie  next  stop  will  be  to  extend  the  experimoiital  verification  of  the  flow  model  and  its  conse- 
quences for  the  wall  pressure  difference  to  a lar^t^r  variety  of  slot  flowsi  very  likely  this  will 
lead  to  further  modifications  and  perhaps  to  an  accurate  homogeneous  boundary  condition,  the  objec- 
tive of  our  research.  With  this  basis  one  can  then  employ  accurate  numerical  methods  to  compute 
tliroc-dlmensional  transonic  flows  about  siodels  in  slotted  test  sections,  be  it  to  obtain  wall  inter- 
ference corrections,  or  to  adjust  the  slot  geometry  so  as  to  eliminate  the  wall  interference. 
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Appoiidlx 

APPRUXIMATO  ANA1>YSIS  OF  INVISCID  SLOT  FLOV 


Ttie  cliiHnical  slonrtor  body  upproxlmatlon  for  slot  flow  whon  a|>- 
piled  to  u rue l;ui/;ulur  slot  with  a Jot  Into  the  plenum  chasibor,  leads 
to  the  ful  lowing:  problom  for  Uio  kiorsionic  function  P(sfy)  in  a 
doubly  inl'iiiitc  strip  (see  sketch)  i 


d*!*  d'-p  ^ 

~ * ~~2  “ ° 
dx  dy 


dP  n 


I ' p 


^ 3P  , 

y - - CX>  : ^ 1 

' 8y 


(A-1) 


In  the  absence  of  a Jet,  with  the  constant  pressure  surface  spanning 
tho  slot  (....  ill  sketch) , we  have  Instead  to  find  P in  the  semi- 

infinite  strip  y < h with  PsO  on We  shall  treat  both 

problems  simultaneously. 


In  terms  of  P the  pressure  at_a  point  (y,z),  when  the  velocity 
in  the  y-direction  at  y -•  - oo  is  v(x)  , is  obtained  from 

P-Pp  = - 8.  U-  I 51  • P(».y)  +5  8.  ^ (A-2) 


witli  a m a/d  , h » 2l/d  or  2i^d  (see  Fig.  I and  Sec.  5).  In  particular  the  value  of  P(l,0) 
is  required  idien  computing  the  pressure  along  the  centre  lino  of  slats.  The  coefficient  K in  the 
homuf^eneous  boundary  condition  (l)  is  obtained  from 


K « I lim  (y-P) 


(A-3) 


1116  determination  of  P is  accomplished  by  mapping  con- 
formally our  strip  in  the  plane  Z ■ z e iy  on  the  lower 
half  of  the  plane  C ■ ( + 11)  (see  sketch)  according  to 


(A-i.) 


placing  the  upper  end  of  the  strip  at  the  origin  and  the  lower  end  at  infinity. 
In  the  first  case,  with  PaO  at , the  result  is 


P('.O)  - - f In 


■V^ 


lim  (y-P) 

y^«>* 


where  is  obtained  from  solving  the  equation 


° **  §tH  - *»  -IH  ■ "h  , t > l/o  j 


' t -1 


(A-5) 


(A-6) 


In  the  second  case,  with  P a o at  .....  , we  take  .....  to  be  an  ellipse  with  the  siajor  axis 
Ch  and  tlia  minor  axis  T)h  I the  corresponding  curve  in  the  Z-plane  cannot  be  much  different  from 
the  line  segeent  yah.  The  result  is 


P(».0)  m - i o In 


■*V  '-th  * < 


^ Tl  < 


-P)  - ^ In  ♦ ln(  t-o^)-ln(5^+Tl„)*]  , (A-7) 


wtier*  is  obtolnsd  frosi  solving  tlis  equation 


o k\  - In  ■ nh  I 1 < t < l/o  ; 


■YW  ■ 


(A-8) 


A casq>rshensive  set  of  computations  has  been  performed  using  these  fonsulao.  Ihe  detailed  results 
are  not  given  here,  however,  since  it  turns  out  that  they  can  be  suanariaed  in  the  following  approx- 
isiato  formulae,  valid  wltti  good  accuracy  for  l/a  > 0.02  , a/d  < 0.2  i 

* • “ “■“))  ' •>('.0)-*(|+0.22).  (A-9) 

Hero  I,  ia  the  depth  of  penetration  of  the  flow  into  the  slot  idion  there  is  no  Jet.  The  fonsula  \ 
for  R Is  an  improvsmsnt  upon  that  of  Bq.  (2). 
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